We have perfomed studies of the K 0 L → π + π − γ Direct Emission (DE) and
) is a potential new window into the phenomenon of CP-violation [1] [2] [3] . This decay arises primarily from the CP-violating Electric Dipole (E1) "Inner Bremsstrahlung" (IB) and the CP-conserving Magnetic Dipole (M1) "Direct Emission" (DE) processes. KTeV recently reported [4] the observation of a CP-violating angular asymmetry between the π + π − and e + e − decay planes in the K 0 L → π + π − γ * , γ * → e + e − mode, arising from the interference of DE and IB photon polarization states [5] [6] [7] . If an E1 DE term were also present, this would generate a direct CP-violating effect.
Understanding the precise photon energy (E * γ ) spectrum from the DE amplitude is crucial to interpretation of CP-violating effects and may shed light on particular chiral models [8] .
Previous experiments [9, 10] have observed evidence for an energy shift in the DE E * γ spectrum, interpreted as evidence for an E * γ -dependent form-factor modification to the pure-M1
DE amplitude. Here we report on the first measurement of this form-factor from direct fits to the data, using the rare decay mode
We consider two separate form-factor parametrizations. Historically, the ρ-propagator
has been used, where a 1 /a 2 is the quantity of interest. More generally the form factor may be expressed as a Taylor series in E * γ
where the interesting quantitites are the slope r and the quadratic parameter s. Recent theoretical work [11, 12] has attempted to calculate these parameters.
The data presented here was collected by KTeV operating in the E832 configuration [13] during the 1996 Fermilab fixed target run. A proton beam of intensity ∼ and 160 GeV.
candidates were subject to the additional criterion of requiring that the quantity
be negative, i.e. by requiring that the π 0 momentum be imaginary under a K
In addition, at least one non-track-associated cluster in the calorimeter was required to possess ≥ 1.5 GeV of energy, and to be at least 3 cm removed from the calorimeter edges. This "photon cluster" had to be at least 20 cm from the nearest track projection To extract the Direct Emission form-factor, we consider the distribution in E * γ , the photon energy in the center of momentum (Figure 3) . We wish to extract the relative contributions of the Inner Bremsstrahlung and DE terms, as well as the energy shift of the DE spectrum due to the presence of a form factor. We assume that E1 IB and form-factormodified M1 DE are the only significant contributions to the decay. The possibility of an interference term arising from the presence of an E1 DE contribution is also briefly discussed below.
We perform a MINUIT [14] χ 2 -minimization fit to combine Monte Carlo DE and IB E * γ distributions, and extract the relative DE and IB contributions to the data as well as the DE form-factor. In the fit, the form factor parameters (a 1 /a 2 or r and s) and the ratio
are allowed to float simultaneously. A χ 2 is formed from comparison of the resultant DE+IB summed Monte Carlo histogram with the data, and minimized to obtain the best fit result. Table I summarizes the numerical fitting results for the three form-factor parametrizations. For the Taylor series parametrization, fits were performed with the quadratic parameter both fixed at zero (floating a single parameter, r 1 ) and allowed to vary (floating two parameters, r 2 and s 2 ). Data-Monte Carlo agreement in the E * γ distribution is shown in Figure 3 , for the ρ-propagator form. Figure 4 illustrates the expected effect of the various parametrizations on the pure M1 direct emission spectrum.
We see in the data presented in Table I and Figure 4 clear evidence for a modification to the pure-M1 DE spectrum. All fits are good, though the ρ-propagator hypothesis stands out slightly: It gives the best χ 2 for a single-parameter fit, and the two-parameter fit results are in good agreement with the values r 2 = −2.70 and s 2 = 3.87 obtained by Taylorexpanding the ρ-propagator form. The size of this energy shift, in particular the need to take into account terms of second-order in E * γ , is not currently understood within the chiral perturbation theory model for this decay [11] .
Additional contributions to the photon energy spectrum are expected from CP-violating higher-order multipole contributions to the Direct Emission amplitude. One possible consequence of these multipole terms is the presence of a charge-asymmetry in the π + versus π − Dalitz plot [1] . We exclude asymmetries larger than 2.4% at 90% c.l. with the present data.
One might also expect a contribution to the E * γ spectrum from CP-violating E1 DE, which could interfere with the E1 IB. We have allowed for such a term, by performing a separate fit in which we assumed an E1 DE amplitude constant in E * γ , and searched for the corresponding interference contribution [12] to the E * γ spectrum. The form-factor parameter and f are allowed to float simultaneously, while fixing the IB rate at its theoretical value of 7.00 × 10 We also assign systematic uncertainties of 1.8% due to detector acceptance, and 1.4% due to the effects of uncertainties in the calorimeter photon energy scale. Bias due to Level 3 trigger inefficiency in the 1996 charged data set [13, 15] is not significant in this analysis at the present level of statistics.
Note (Table I ) that the measured DE/(DE + IB) ratio is insensitive to the particular choice of form-factor parametrization. Uncertainty in the detector acceptance contributes a 0.7% systematic uncertainty to this ratio, while variations in analysis cuts contribute 0.6%.
The systematic uncertainty due to the calorimeter photon energy scale is 0.2%.
We find the absolute K 0 L → π + π − γ branching ratio by normalizing the signal to the
using a Monte Carlo simulation of the full detector and offline analysis criteria. Based on this, we calculate Table I , we obtain the final π + π − -normalized branching ratios (14.2 ± 0.2 ± 0.2) × 10 −3 for Direct Emission and (6.6 ± 0.2 ± 0.2) × 10 −3 for Inner Bremsstrahlung.
Our measured IB branching ratio is consistent with both the Q.E.D. prediction of 7.00 × 
is also in good agreement with the result a 1 /a 2 = −0.720 ± 0.029 GeV 2 extracted from the
analysis from the KTeV E799 data set [4] .
In conclusion, we have made the first direct measurements of the K
Emission form-factor, including a 1 /a 2 = −0.737 ± 0.034 GeV 2 . We find no evidence for new CP-violating effects in the photon energy spectrum. Finally, we have made improved measurements of the DE ((14.2 ± 0.2 ± 0.2) × 10 −3 ) and IB ((6.6 ± 0.
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